Our objective was to study the effects of dietary-induced insulin enhancement during and after lactation on the reproductive performance of primiparous sows. During a 21-d lactation period, 48 sows were allotted to a 2 × 2 factorial experiment. Treatments were feeding level (high or low; 44 MJ or 33 MJ NE/d) and dietary energy source (fat or starch). After weaning, all sows received the same amount of feed (31 MJ NE/d from weaning to estrus and 17.5 MJ NE/d from breeding until slaughter) of the same energy source as fed during lactation. On d 7, 14, and 21 of lactation and d 22 (weaning), blood samples were taken every 12 min for 12 h and analyzed for plasma glucose, insulin, and LH. Sows were slaughtered on d 35 of the subsequent pregnancy, and ovulation rate was assessed. During lactation, postprandial plasma glucose and insulin concentrations were higher for sows fed the starch diet than for those fed the fat diet (P < .001), whereas feeding level had no effect. Basal and mean LH concentrations were not affected by treatments. The LH pulse fre-
Introduction
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Received February 16, 1999 . Accepted July 26, 1999 396 quency on d 7 of lactation was greater for sows fed the starch diet than for those fed the fat diet (.52 vs .17 pulses/12 h; P = .03). The high compared with the low feeding level resulted in a greater LH pulse frequency on d 21 of lactation (.89 vs .47 pulses/12 h; P = .05) and on d 22 (8.63 vs 5.77 pulses/12 h; P = .02), in a higher percentage of sows that exhibited estrus within 10 d after weaning (96 vs 63%; P = .01), and a tendency for a higher ovulation rate (18.0 vs 16.2; P = .09). Plasma glucose and insulin concentrations were not related to any of the LH traits. The LH pulse frequency after weaning was related to the weaning-to-estrus interval (WEI) and was best explained by a linear-plateau model. In sows fed the low feeding level, follicle size after weaning was correlated with LH pulse frequency after weaning and with the WEI, whereas in sows fed the high feeding level these correlations were not significant. Our results indicate that an improved dietaryinduced insulin status during and after lactation does not overcome the inhibitory effects of lactation on subsequent reproduction at any of the feeding levels.
between nutrition and reproduction. In primiparous sows, insulin concentrations are correlated with LH pulsatility (Tokach et al., 1992) . Exogenous insulin reduces follicle atresia in prepubertal gilts (Matamoros et al., 1991) , increases ovulation rate in cyclic gilts (Cox et al., 1987) , and increases farrowing rate in primiparous sows (Ramirez et al., 1997) . Endogenous insulin concentrations can be affected by exogenous insulin administration (Cox et al., 1987) , feeding level (Quesnel et al., 1998a) , or dietary energy source (van den Brand et al., 1998 ). Dietary energy source may also affect reproductive hormones. In multiparous sows, feeding a carbohydrate-rich diet during and after lactation increased the preovulatory LH peak and progesterone concentration in comparison with feeding a fat-rich diet (Kemp et al., 1995b) . In primiparous sows, effects of dietary-induced plasma insulin manipulation on reproduction have not been investigated. Whether there is an interaction between feeding level and dietary energy source in their effects on reproductive performance is also unclear. Thus, this study was designed to investigate the effects of fat or starch-rich diets, provided at two feeding levels during lactation, on the subsequent reproductive performance of primiparous sows.
Materials and Methods

General Design
From d 3 (range 0 to 5) of lactation onward, 48 (eight groups of six sows) first-litter Yorkshire × Dutch Landrace sows were allotted to a 2 × 2 factorial experiment. 
Animals, Diets, and Housing
During gestation, 70 gilts received an increasing amount (d 0 to 60: 1.8 kg/d; d 60 to 90: 2.2 kg/d; d 90 to parturition: 2.8 kg/d) of a commercial diet (CP: 135 g/kg; ileally digestible lysine: 4.1 g/kg; crude fat: 47 g/ kg; starch: 343 g/kg; sugar: 52 g/kg; NE: 8.8 MJ/kg). These gilts were surgically fitted with permanent jugular vein catheters at d 8 (range 6 to 11) before parturition, according to the method described previously by Soede et al. (1997) . On d 3 (range 0 to 5) after farrowing, 48 sows (six sows per group) were selected, based on patency of the catheter and body weight, and allotted to one of the treatments. The six sows in each group were paired, based on body weight, and allotted to one of two climatic respiration chambers (Verstegen et al., 1987) . In these chambers, the three sows were housed individually with their pigs in metabolism cages. Each sow received nine pigs. In each group, pigs from all sows were mixed, and 54 pigs were selected based on body weight. Extremely heavy and light pigs were not used. The selected 54 pigs were divided into nine groups of six pigs with similar body weight. Pigs within each group were randomly assigned to one of the six sows.
All six sows in each group were assigned to one of two feeding levels (High: 44 MJ NE/d or Low: 33 MJ NE/ d). Within each group, sows in each chamber received a diet with either fat or starch as the major energy source. Both diets consisted of the same basal diet with sufficient protein, vitamins, and minerals (Table 1) . To this basal diet, maize starch plus dextrose (Starch) or tallow (Fat) was added. The diets were fed to be isocaloric and isonitrogenous. Sows were fed twice daily (0800 and 1530). Water was available to sows and pigs for ad libitum consumption.
On the morning of weaning (d 22), sows were deprived of feed. After weaning, sows remained on the same dietary energy source as during lactation, receiving 31 MJ NE/d until the end of estrus and 17.5 MJ NE/d until slaughter. One sow (high feeding level, fat-rich diet) did not consume any feed and was replaced on d 10 of lactation by another sow. Data for the replaced sow were not used, whereas data from the new sow were used from the moment of introduction into the experiment. On d 3 of lactation and d 22, sows were weighed, and backfat was measured according to Verstegen et al. (1979) . Initial body weight and backfat on d 3 were 161.9 ± 1.4 kg and 17.7 ± .3 mm, respectively.
Blood Sampling
On d 7, 14, 21, and 22, blood samples were taken every 12 min for 12 h. Additional blood samples were taken every 4 h from 48 h after weaning until the end of standing estrus. Blood samples were collected in icecooled polypropylene tubes containing 100 µL of EDTA solution (144 mg/mL saline), placed on ice, and centrifuged at 2,000 × g for 10 min at 4°C. Plasma was stored at −20°C until analysis. Due to lack of catheter patency, no plasma measurements were available for one sow (Low Starch) during the whole experiment and for one sow (High Starch) on d 21 and 22.
Plasma Analyses
Plasma samples taken at −60, −48, −36, −24, −12, 0, 12, 24, 36, 48, 60, 84, 120, 156, 228, 300 , and 372 min relative to the morning feeding on d 7, 14, and 21 of lactation were analyzed for glucose and insulin. Plasma glucose concentrations were determined spectrophotometrically in triplicate with the glucose oxidase-peroxidase anti-oxidase method using a commercial kit (GOD-PAP, Boehringer, Mannheim, Germany).
Plasma insulin concentrations were quantified in duplicate with a validated RIA (Leuvenink et al., 1997) . The sensitivity was 7.3 IU/mL at 80% of the maximal binding. The intra-and interassay CV (n = 4) were 6.1 and 20.0%, respectively. Data for sows that did not consume the total amount of feed offered between two feeding times on a sampling day were not used for calculation of glucose and insulin concentrations.
All plasma samples of d 7, 14, 21, and 22 as well as 13 samples taken each 4 h around the expected LH surge were analyzed in duplicate for LH concentrations, with a homologous RIA using porcine LH-LER 778.4 (kindly donated by L. E. Reichert, Albany Medical College, NY), for iodination and standard curve, and rabbit anti-pLH (UCB A528, 1:400,000; Biogenesis Ltd., Poole, U.K.) as described previously (Dieleman and Bevers, 1987) . Separation of bound and free LH was accomplished using a double-antibody solid-phase procedure (donkey anti-rabbit antibody-coated beads; SAC-Cel, IDS Ltd., Tyne & Wear, U.K.). The cross-reactivity was 2.7, .5, 1.1, and < .1% for pFSH, pTSH, pLHα, and other pituitary peptides tested, respectively, according to the manufacturer. The limit of quantification for LH was .3 g/L. The intra-and interassay CV (n = 48) were 5.6 and 14.9%, respectively.
Follicle Size, Estrus, and Ovulation Rate
On d 2 after weaning, mean follicle size was determined with transrectal ultrasonography as described by Soede et al. (1997) . From d 2 to 10 after weaning, estrus detection was performed at 8-h intervals, in the presence of a mature vasectomized boar, using the back pressure test.
Sows not expressing estrus within 10 d after weaning were assumed to be anestrous. This was confirmed using ultrasonography on d 10 after weaning. Sows that exhibited estrus were inseminated every day of standing estrus with a commercial dose of semen containing 3 × 10 9 sperm cells. On d 35 after the last insemination, sows were slaughtered, and their reproductive tracts were removed. The number of corpora lutea was counted on the ovaries. Data on uteri, placentas, and fetuses are published elsewhere (van den Brand et al., 2000) .
Statistical Analyses
Basal glucose and basal insulin concentrations were calculated per sow per day of lactation as the mean value of the six samples taken before feeding. The area under the curve (AUC) from 0 to 372 min after feeding was calculated as the area above basal glucose or insulin concentrations.
Profiles of LH were analyzed by visual appraisal using conditions modified from McLeod and Craigon (1985) . An elevation in plasma LH concentration was defined to be a pulse if 1) the peak level occurred within two samples of the previous nadir, 2) the increase was at least four times greater than the coefficient of variation of duplicate pairs of the assay, 3) the peak concentration was more than .3 ng/mL above the basal concentration (d 7, 14, 21) or more than .1 ng/mL above the average of the previous and subsequent nadir of the pulse (d 22), and 4) there were at least two samples between the peak and the subsequent nadir.
Data were analyzed with the GLM procedure of SAS (1990). The following model was used to analyze glucose, insulin, and LH data during lactation:
, where Y ijklm = dependent variable; µ = overall mean; F i = feeding level (i = High, Low); e1 ij = error term 1, which represents the random effect of group j (j = 1 to 4) nested within feeding level; E k = energy source (k = Starch, Fat); (F × E) ik = interaction between feeding level and energy source; e2 ijkl = error term 2, which represents the random effect of sow l (l = 1 to 3) nested within group, feeding level, and energy source; D m = day of lactation (m = 7,14,21); (F × D) im = interaction between feeding level and day; (E × D) km = interaction between energy source and day; (F × E × D) ikm = interaction between feeding level, energy source, and day; and e3 ijklm = residual error. The effect of feeding level was tested against error term 1. Effect of energy source and the interaction between feeding level and energy source were tested against error term 2. Day effect and the interactions with day were tested against the residual error. When day was significant, variables were tested again per day with the same model, except that effect of day and its interactions were excluded from the model.
The LH traits on the day of weaning, follicle diameter, WEI, preovulatory LH peak, ovulation rate, and duration of estrus were also tested with the latter model. The percentage of sows that came into estrus within 10 d was tested with the Fisher exact test (SAS, 1990) .
Relationships between basal, average, or maximum plasma glucose, insulin, and LH, follicle size after weaning, WEI, duration of estrus, and ovulation rate (only for sows with WEI < 240 h) were analyzed by introduction of the variables into the GLM procedure as a covari-ate. When the interaction between the covariate and one of the treatments was significant (P < .10), regressions were calculated per treatment. When these interactions were not significant (P > .10), simple overall correlations were performed. To analyze the overall effects of WEI or LH classes after weaning on LH characteristics during lactation and on reproduction traits, a GLM procedure was used, with only WEI or LH class as class variable. All data are presented as least squares means ± SEM.
Results
Feed Intake, Body Weight Loss, and Backfat Loss During Lactation
On d 7 of lactation, two High Fat, five High Starch, and one Low Fat and on d 14 one sow (Low Fat) did not consume the total allotment of feed. The actual feed intake during lactation was 40.5 (range: 35.8 to 41.6), 39.6 (35.9 to 41.6), 29.9 (27.4 to 31.1), and 30.3 (26.8 to 31.2) MJ NE/d for High Fat, High Starch, Low Fat, and Low Starch, respectively. Energy intake differed (P < .001) between feeding levels, but it was not different between the fat-and the starch-rich diet. Body weight loss during lactation was greater in sows fed the low feeding level than in those fed the high feeding level (22.4 vs 14.0 kg, respectively; SEM = 1.2; P = .003) but was not affected by dietary energy source (19.4 vs 17.0 kg for Fat and Starch, respectively; SEM = 1.2; P = .16). Backfat loss during lactation was not affected by treatments (3.2, 2.6, 2.8, and 2.8 mm for High Fat, High Starch, Low Fat, and Low Starch, respectively; SEM = .3). Weaning weight of the pigs (d 22) was 6.3, 6.4, 5.5, and 5.8 kg for High Fat, High Starch, Low Fat, and Low Starch, respectively (SEM = .1) and differed between the two feeding levels (P = .03).
Plasma Glucose and Insulin During Lactation
During each day of lactation, sows fed the Starch diet had a higher plasma glucose concentration (P < .05) from 24 to 300 min postprandial (Figure 1 ) than sows fed the Fat diet, resulting in a higher overall mean glucose concentration (82.6 vs 73.9 mg/dL; SEM = 1.3; P < .001) and greater AUC (10.9 vs 4.2 g/6.2 h; SEM = .6; P < .001; Table 2 ). Feeding level did not affect plasma glucose concentration at any sampling time. Basal glucose concentration was lower in the Starch diet than in the Fat diet (57.7 vs 64.8 mg/dL, respectively; SEM = 1.3; P < .001).
Similar to the plasma glucose concentration, the plasma insulin concentration during all sampling days of lactation was higher from 24 to 300 min postprandial in sows fed the Starch diet than in those fed the Fat diet (Figure 2) . Overall, mean insulin concentrations (18.2 vs 15.2 IU/mL; SEM = .5; P < .001; Table 2 ) and the AUC (4.6 vs 3.0 mIU/6.2 h; SEM = .2; P < .001) were greater for sows fed the Starch diet than for those fed the Fat diet. Basal insulin concentration was not affected by dietary energy source (P = .22), and none of the insulin traits was affected by feeding level.
LH Pulsatility During and After Lactation
Feeding level, energy source, and day of lactation did not influence basal and mean LH concentrations (Table  3) . However, the number of LH pulses on d 7 was higher in sows fed the Starch diet than in those fed the Fat diet (.52 vs .17 pulses/12 h, respectively; SEM = .11; P = .03). On d 14, the number of LH pulses did not differ between the treatments. On d 21, the High feeding level resulted in a higher LH pulse frequency than the Low feeding level (.89 vs .47 pulses/12 h, respectively; SEM = .12; P = .05). The effects of energy source were not significant. On the day of weaning, feeding level had a significant effect on LH pulse frequency (8.63 vs 5.77 pulses/12 h for High and Low feeding level, respectively; SEM = .59; P = .02). Basal and mean LH concentration and LH pulse amplitude on the day of weaning were not affected by treatments. 
Follicle Development, WEI, Duration of Estrus, and Ovulation Rate
Mean follicle diameter on d 2 after weaning of all sows was higher in sows fed the High feeding level than in those fed the Low feeding level (3.8 vs 3.0 mm, respectively; SEM = .2; P = .02; Table 4 ). Of the sows fed the Low feeding level during lactation, only 15 of 24 (63%) came into estrus within 10 d after weaning, compared with 23 of 24 (96%) sows fed the High feeding Feeding level × day of lactation interaction (P = .04).
level (P = .01). In the sows that expressed estrus within 10 d after weaning, neither WEI nor the preovulatory LH surge was affected by treatments (P > .10). In these sows, follicle diameter on d 2 after weaning was not affected by feeding level during lactation (P = .12) but tended to be larger in sows fed the Starch diet than in sows fed the Fat diet (3.8 vs 3.1 mm, respectively; SEM = .2; P = .06).
Ovulation rate tended to be higher in sows fed the High feeding level than in those fed the Low feeding level (18.0 vs 16.2; SEM = .6; P = .09). Duration of estrus was longer in sows fed the Starch diet than in sows fed the Fat diet (54 vs 47 h, respectively; SEM = 2; P = .02).
Anestrous Sows
After weaning, 10 sows remained anestrous. In these sows, LH pulse frequency after weaning was on average 5.2 (range 0 to 11 pulses/12 h), and follicle size on d 2 
Relationships Among Traits
Glucose and Insulin. Glucose and insulin traits (basal, mean, or maximum) were not correlated with any of the LH traits (basal, mean, number of pulses) during lactation and after weaning or with WEI.
LH, WEI, and Follicle Size. Regardless of treatment,
the WEI was correlated with LH pulse frequency on d 14 (WEI in hours = 138 − 11 × number of LH pulses/ 12 h on d 14; r = −.40; P = .01) and d 21 (WEI in hours = 139 − 14 × number of LH pulses/12 h on d 21; r = −.38; P = .02) of lactation. The WEI was also highly correlated with the LH pulse frequency after weaning, regardless of treatments. A linear plateau model best explained this relationship. No significant differences between treatments were observed for the slope, the break point, or the threshold. The overall relationship was as follows: WEI = 117(± 4) + (1 + e (−16.7(± 3. 3) * (7.3(± .5) − LH pulses)) ) (R 2 = .63; Figure 3) . .63 (WEI < 240 h).
In Table 5 , LH pulse frequency after weaning is divided into two classes (seven or fewer and eight or more pulses/12 h, before or after the break point, based on Figure 3 ), regardless of treatments. Plasma glucose and insulin traits were not different between the two classes. Basal and mean LH concentrations during lactation were higher in sows with eight or more LH pulses during 12 h after weaning. Eight or more LH pulses after weaning also was related to a larger follicle size on d 2 after weaning, a higher preovulatory LH surge, and a shorter WEI and duration of estrus, compared with sows with seven or fewer LH pulses. When the class with more than eight pulses/12 h was subdivided into a class with eight or nine pulses/12 h (n = 9) and a class with 10 to 12 pulses (n = 10), no significant differences were observed between these two classes for any of the traits.
In sows fed the High feeding level, follicle size on d 2 after weaning was not related to LH pulse frequency after weaning, whereas for sows fed the Low feeding level, a positive correlation was found (follicle size in millimeters = 1.4 + .2 × number of LH pulses/12 h after weaning; r = .57; P = .005). In the sows fed the High feeding level during lactation, WEI was not related to follicle size on d 2 after weaning, whereas for sows fed the Low feeding level, a strong negative correlation was found (WEI in hours = 193 − 22 × follicle size in millimeters or d 2 after weaning; r = −.66; P = .007). In Table 6 , the WEI is a priori divided into four classes, based on the number of sows per class, regardless of treatments. The LH pulse frequency during lactation and after weaning, follicle size, and ovulation rate were decreased (P < .10) with prolonged WEI. Basal and mean LH concentration also showed a slight decrease with prolonged WEI.
Discussion
The present study showed that dietary energy source significantly affected plasma glucose and insulin con- centration in lactating sows. In anabolic, cyclic gilts (van den Brand et al., 1998) and even in sows in a catabolic state the starch-rich diet could enhance plasma insulin concentration during 4.5 h after feeding.
In contrast with the results of Koketsu et al. (1996 Koketsu et al. ( , 1998 and Quesnel et al. (1998a) , feeding level did not affect plasma glucose or insulin concentration. In those studies, the low feeding level was approximately 50% of the high feeding level, whereas in the present study feeding level differed only 25% between High and Low. On d 7 of the lactation, a positive effect of the Starch diet on LH pulse frequency was observed, irrespective of feeding level, whereas on d 21 of the lactation, and after weaning, the High feeding level resulted in a higher LH pulse frequency. Because the effect of energy source was absent on d 14 and 21, whereas on d 21 a positive effect on LH pulsatility in the High feeding level was observed, the effect of feeding level on LH pulse frequency seems to become stronger during lactation and to override the effect of dietary energy source. Whether a stronger contrast in diet composition should result in more pronounced effects on LH pulsatility is disputable. For example, addition of more fat to the diet can result in less acceptability (digestibility) or a lack in sufficient glucose for maintenance and milk production, resulting in excessive weight loss and a severe depression of LH secretion.
In a comparable experiment with multiparous lactating sows, Kemp et al. (1995b) found similar results in LH pulse frequency during lactation. The more negative energy balance with progressing lactation, due to an increase in milk production with a similar feed intake, could be the reason that no effect of dietary energy source on LH pulsatility at the end of lactation was found. An increased body weight loss (negative energy balance) during lactation is associated with a lower LH pulse frequency on d 21 of lactation (Kemp et al., 1995a) .
In sows fed the Low feeding level, a lower LH pulse frequency after weaning was found compared with the High feeding level, which is in accordance with Koketsu Within a row, least squares means lacking a common superscript letter differ (P < .05).
et al. (1996) and Zak et al. (1997a Zak et al. ( , 1998 . The more negative energy balance during a part of lactation, independent of energy source, seems to depress the generation of an effective LH signal by the hypothalamuspituitary axis during and after lactation, which was also suggested by Baidoo et al. (1992) and Tokach et al. (1992) . The percentage of sows that exhibited estrus within 10 d after weaning was higher in sows fed the High feeding level than in those fed the Low feeding level, irrespective of energy source. Prunier et al. (1993) and Caroll et al. (1996) found similar results. Furthermore, in sows expressing estrus within 10 d, the WEI was not affected by treatments, probably due to the low number of observations that remained in the Low feeding level.
The lower ovulation rate in sows fed the Low feeding level during lactation agrees with a study of Zak et al. (1997a) but contrasts with others (Quesnel and Prunier, 1998; Zak et al., 1998) . When all sows were considered, follicle size after weaning was higher in sows fed the High feeding level. This effect was absent when only the sows that came into estrus within 10 d were taken into account.
In sows that remained anestrous, LH pulse frequency after weaning and follicle size on d 2 after weaning was not strongly different from those in sows that exhibited estrus. This suggests that, in addition to LH pulse frequency and follicle size, other factors, such as follicle heterogeneity, may be involved in estrus exhibition.
A lower LH pulse frequency after weaning is associated with a prolonged WEI (Shaw and Foxcroft, 1985) . In the present study, a threshold seemed to be present in the relationship between the number of LH pulses after weaning and the WEI. To our knowledge this is the first study that indicates a linear-plateau model for the relationship between LH pulsatility after weaning and WEI.
A prolonged WEI was also associated with a slight decrease in basal and mean LH concentration and a significant decrease in LH pulse frequency during lactation. Tokach et al. (1992) found a higher mean LH concentration and LH pulse frequency on d 14, 21, and 28 of lactation in sows with a short WEI (< 9 d) compared with sows with a longer WEI (> 15 d). This means that, even during lactation, LH pulse frequency is related to the WEI and(or) that a higher LH pulse frequency after weaning represents a restored hypothalamus-pituitary system that can function immediately after weaning. Paterson and Pearce (1994) did not find any relationship between LH during lactation and WEI. However, in their study, a WEI of less than 14 d was assumed to be short. In the present study, sows with a WEI longer than 10 d were assumed to be anestrous.
The relationship between LH pulse frequency after weaning and follicle size on d 2 postweaning and also between follicle size and WEI was found only in sows fed the Low feeding level. This suggests that follicle development in sows fed the High feeding level was less dependent on LH pulsatility after weaning and improved compared with the Low feeding level, possibly resulting in a higher ovulation rate for sows fed the High feeding level (Zak et al., 1997a) . At the Low feeding level, follicle development on d 2 after weaning seemed to be partially a result of the increased LH pulsatility after weaning. In studies of Zak et al. (1997b) and Quesnel et al. (1998b) , a reduction in feed intake during a part of lactation resulted in an impaired follicle development. Because growth of small follicles is independent of LH (Driancourt et al., 1995) , other factors, such as insulin and IGF-I (Quesnel et al., 1998b) seem to be involved in the early follicle development. The increased insulin status of the sows fed the Starch diet may partially explain the larger follicles on d 2 postweaning of these sows compared with sows fed the Fat diet.
In contrast with Tokach et al. (1992) and Koketsu et al. (1996) , but in agreement with Paterson and Pearce (1994) , insulin concentration during lactation was not correlated with LH pulsatility. Also, Quesnel et al. (1998a) did not find strong correlations between insulin and LH. Due to these ambiguous results, it can be suggested that insulin is not the most important intermediate between nutrition and LH pulsatility. Other factors, such as IGF-I, possibly can be more important for regulating the effects of nutrition on reproduction.
Implications
Improved dietary-induced insulin status during and after lactation does not seem to overcome the inhibitory effect of lactation on subsequent reproduction, irrespective of feeding level.
